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Eggs of several metazoans have been demonstrated to express integrins; however, their function is unclear. Previous studies have shown
that the hC integrin subunit is expressed on unfertilized sea urchin eggs and proteolytically removed at fertilization. Here we report that the
hC subunit is reexpressed on the egg surface immediately after fertilization. Using morpholino antisense oligonucleotides to block
translation, we show that without hC expression, eggs undergo cleavage resulting in loosely adherent cells that fail to develop beyond a
blastula. Without hC containing integrins, the cortical actin network of the egg does not form, yet contractile rings appear. Coinjection of
RNA encoding the hC or chicken h1 subunit, but lacking the morpholino target sequence, rescues the cortical actin network and normal
embryos result. Coinjection of RNA encoding the hC subunit lacking the cytoplasmic domain fails to rescue. These studies demonstrate that
the cortical actin cytoskeleton is anchored by hC integrins and contractile ring actin is not. We suggest that one important function of egg
integrins is to organize the actin cortex.
D 2003 Elsevier Inc. All rights reserved.Keywords: Integrins; hC subunit; EggsIntroduction
The cortex is a specialized region of all cells that includes
the surface membrane and the actin-rich region of cytoplasm
associated with it. Several functions are attributed to the
cortex, but for many of them we lack details of the
molecular organization that brings them about. This is
particularly true in eggs, where the cortex has some spe-
cialized functions in fertilization, cytokinesis, and localiza-
tion of cytoplasmic determinants (Sardet et al., 2002).
The sea urchin egg is a well-studied model of cortical
functions, where the dynamics of actin organization have
been well documented (Bonder and Fishkind, 1995; Spu-
dich, 1992; Sardet et al., 2002). In the unfertilized egg, the
cortex contains aggregates of filamentous actin in microvilli
and longer filaments laterally associated with the membrane
before fertilization (Burgess and Schroeder, 1977; Henson
and Begg, 1988; Wong et al., 1997). As well, there is a large0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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E-mail address: rburke@uvic.ca (R.D. Burke).pool of unpolymerized actin (Mabuchi and Spudich, 1980;
Spudich et al., 1988). During the first few minutes after
fertilization, actin polymerizes during elongation of the
microvilli. During the next 30 min, there is a slower phase
of reorientation and bundling. What results is a dense
network of radially arrayed filaments that persists during
the first cell cycle (Wong et al., 1997). The contractile ring
is a transient belt of actin filaments containing myosin II that
organizes in the cortex before cytokinesis (Mabuchi, 2001;
Schroeder, 1972). The contractile ring is structurally distinct
from other regions of cortex and it appears to be regulated
by a Rho pathway (Kishi et al., 1993; Mabuchi et al., 1993).
However, the relationship of the contractile ring to the egg
cortex and how the contractile ring assembles is unclear
(Mabuchi, 2001).
Several actin-binding proteins have been shown to lo-
calize to the cortex, but we lack details of how they function
in cortical dynamics (Bonder and Fishkind, 1995). A key
question of egg cortical organization is how is the actin
bound to the membrane. At least four proteins capable of
mediating membrane binding have been shown to localize
to the egg cortex: spectrin, actolinkin, moesin, and integrins
(Bachman and McClay, 1995; Fishkind et al., 1987, 1990;
Fig. 1. Reexpression of integrin subunits after fertilization. (a) Immediately after fertilization, there is no detectable immunoreactivity in eggs; however, within
30 min (b) the egg surface becomes immunoreactive. During cleavage (c, d) immunoreactivity remains on the surface in contact with the extracellular hyaline
layer. (e) As the blastocoele forms, hC immunoreactivity begins to appear on apical and basal surfaces (arrow). (f) aB immunoreactivity in blastulae is
restricted to the apical surfaces of the embryo throughout development. Scale bar = 25 Am.
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proteins alter their distribution during fertilization and the
reorganization of the egg cortex. The integrin receptorFig. 2. Morpholino-antisense-injected embryos (hCAS1, 5 AM cytoplasmic conce
cleavage stages are not always found. (c, d) Twenty-four-hour embryos are blast
blastocoele (d). (e, f) By 48 h, a range of phenotypes occur; some embryos form
embryos fail to develop beyond a mass of loosely adherent cells (f). Scale bar =expressed on eggs is comprised of the aB and hC subunits
and localizes the tips of microvilli (Murray et al., 2000). At
fertilization, proteases derived from cortical granules appearntration). (a, b) Initial cleavages are slow, can be asymmetrical, and typical
ulae in which cells are loosely adherent and in some embryos cells fill the
blastulae with mesenchyme but they fail to gastrulate (e); however, most
25 Am.
Fig. 3. Morpholino-injected embryos have impaired cortical actin cytoskeletons. (a) A dense array of actin forms in the cortex of the fertilized egg. This
fertilized egg injected with carrier only (0.3% glycerol, cytoplasmic concentration) is identical to uninjected control eggs (Henson and Begg, 1988). However,
in morpholino (hCAS2, 5 AM cytoplasmic concentration)-injected fertilized eggs (e), F-actin is associated with the membrane and only a few rootlet structures
form. In colocalization of actin and spectrin in control fertilized eggs (0.3% glycerol, cytoplasmic concentration) (b–d), spectrin is most abundant at the
membrane and diffuse throughout the cortex. (a, e) Scale bar = 5 Am. (b–d, f–h) Scale bar = 10 Am. (i) Morpholino-injected embryo (hCAS2) that has been
prepared for immunofluorescence with anti-aB. In the absence of hC, the aB subunit fails to form a uniform band at the surface of the egg. Scale bar = 20 Am.
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are cross-linked into the fertilization envelope. The removal
of integrins from the egg is coincidental with the release of
the vitelline layer, and Murray et al. (2000) speculate that
egg integrins may attach the vitelline layer to the egg surface
and anchor the cortical cytoskeleton of the unfertilized egg.
The objective of this study is to determine the function
of sea urchin egg integrins. After their dramatic removal at
fertilization, the aBhC integrins are rapidly replaced. Here
we use antisense methods to block this expression and the
impact of integrin removal after fertilization is examined.
Our results support the hypothesis that in the sea urchin
egg, the cortical actin cytoskeleton is anchored by integ-
rins. As integrins appear to be present in eggs of several
taxa, we propose that this may be a general function for
egg integrins.Materials and methods
Gametes and embryo culture
Adult Strongylocentrotus purpuratus were collected lo-
cally and maintained in a photocontrolled circulating salt
water system. Spawning was initiated by intracoelomic
injection of 0.55 M KCl. Eggs and embryos were kept in
Jamarin artificial sea water (Jamarin Laboratories, Osaka)
and maintained at 12jC following conventional procedures
(Strathmann, 1987). To remove fertilization envelopes, eggs
were suspended in Jamarin containing 1 mM 3-amino-1,2,4
triazole for 10 min before insemination. 5 min after fertil-ization, eggs were resuspended in Jamarin. Eggs were
drawn into a syringe fitted with an 18-gauge hypodermic
and dispensed with moderate force to remove fertilization
envelopes.
Fluorescence microscopy
Eggs were fixed in 4% paraformaldehyde in Jamarin for
10 to 20 min, rinsed in Jamarin, blocked in phosphate-
buffered saline (PBS) containing 0.1% Tween 20 and 5%
normal lamb serum (v/v), and prepared for immunofluores-
cence (Marsden and Burke, 1997). Whole-mount specimens
were observed using a confocal laser-scanning microscope
(Zeiss LSM410). Images were cropped, grouped, and con-
trast and brightness adjusted (Adobe Photoshop, v6.0). The
antibodies and probes used were anti-hC (2D2; Murray et
al., 2000), anti-aB (CR-99; Murray et al., 2000), Alexa 568
Phalloidin (Molecular Probes), anti-spectrin (Fishkind et al.,
1990), and antimyc (myc 1-9E10.2, ATCC).
Quantification of fluorescence intensity followed Wong
et al. (1997). Confocal images consisting of a single 1-Am
optical section, in which there were no saturated pixels,
were converted to grayscale. Pixel intensity was sampled
within a 10-pixel wide strip through the cortex of the egg or
the contractile ring using the plot profile function of Image
(Scion Corp. 4.0.2). Mean background pixel intensity was
determined by sampling five areas within the cytoplasm and
subtracted from the peak intensity in the cortex. Each egg
was sampled at four points. Means, standard errors, and an
analysis of variance with Tukey post tests were calculated
using GraphPad Instat (v.3.05).
Fig. 4. Plots of fluorescence intensity measurements of hC, F-actin, and
spectrin in the cortex of control and morpholino-injected eggs. In fertilized
eggs injected with hCAS2, actin is depleted in the cortex, yet spectrin
distribution appears similar to control fertilized eggs.
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Eggs were injected following procedures outlined by
Gan et al. (1990a,b). Morpholino antisense oligonucleotides
(hCAS1, nt 1 to 25; hCAS2, nt 29 to 04, Gene-Tools
Inc.) were diluted to 0.5 or 1 mM in 30% glycerol, and 1%
of the egg volume was injected into eggs within 5 min of
fertilization (cytoplasmic concentration of 5 or 10 AM).
Controls eggs were injected with a control morpholino
(supplied by manufacturer) or 30% glycerol. For rescue
experiments, a full-length hC cDNA was amplified from
blastula cDNA using hCFL F1 (5VAACTGGGAATATCA-
CAAGCTCTCC 3V), hCFL R1 (5VAAGAACTATCCGCA-
GACTAGGAGG 3V), and Pfu polymerase (Stratagene) and
cloned into TopoTA (Invitrogen). A cDNA-encoding hC
lacking the cytoplasmic domain (hCDcyto) was amplified
with hCFLF1 and hCDcytoR1 (5VTGAGCAGACGCCA-
GATGAGG 3V). Amplification was confirmed by sequencing
and the insert was subcloned into pCS2 + MT, in frame with
a myc epitope tag. Capped RNA was in vitro translated
using mMessage mMachine (Ambion), precipitated, and
resuspended in RNase-free water. RNA concentrations were
determined by comparison to standards after gel electropho-
resis. A full-length chicken h1 cDNA (Tamkun et al., 1986)
was subcloned into pCS2+ and RNA prepared as above.
Eggs were coinjected to achieve a cytoplasmic concentra-
tion of 5 AM hCAS2 and 2.5 ng RNA per egg.Results
Immediately after fertilization, eggs are not immunore-
active to anti-hC or anti-aB (Fig. 1). However, after 10 min,
vesicles in the cytoplasm and the egg surface begin to
become immunoreactive. In eggs prepared for immunoflu-
orescence 30 min after fertilization with anti-hC, the surface
is a diffuse granular band of fluorescence. After the egg hascleaved, hC immunoreactivity is found only on the outer
surface of the egg, the surface in contact with the hyaline
layer. hC immunoreactivity is consistently low in cleavage
furrows and the interface between cells. The outer surface
remains immunoreactive throughout cleavage, and once a
blastocoel forms, hC can also be detected on the basal
surfaces of blastomeres. Within the first cell cycle, the aB
subunit colocalizes with hC on the cell surface (not shown).
The aB subunit is restricted to the apical surfaces of cells in
contact with the hyaline layer throughout development. No
other a or h integrin subunits can be detected during early
cleavage (data not shown).
Eggs that have been injected with a morpholino oligo-
nucleotide complementary to the 5Vuntranslated region of the
hC cDNA (hCAS1, hCAS2) vary in their rate of cleavage
(Fig. 2). Four hours after injection, all uninjected embryos
are 8 to 16 cells. In one group of 29 injected embryos after 4
h, 9 (31%) were 2 cells, 7 (24%) were 4 cells, 5 (17%) were
8 to 16 cells, and 8 (28%) had abnormal cleavages. By 24 h,
19 of a group of 39 (49%) morpholino-injected embryos
form a blastula and 20 (51%) were late cleavage embryos.
Control embryos are mesenchyme blastulae 24 h after
fertilization. After 48 h, control embryos are late gastrulae
to early prism stage. In one group of 20 morpholino-injected
embryos, 12 (60%) are a mass of loosely adherent cells (Fig.
2d). As well, there are 8 (40%) embryos that remain as
blastulae, and in some mesenchyme cells have ingressed but
failed to pattern. The embryos that do not form a blastula
invariably progress no further in development and the
embryos that form blastulae and fail to gastrulate persist
indefinitely as blastulae. The variance in the effects proba-
bly results from differences in the amount of morpholino
injected.
In eggs injected with hCAS2, there is reduced expression
of the hC subunit. In eggs containing 5 AM hCAS2 and
prepared for immunofluorescence with anti-hC, fluores-
cence intensity is 26% of control embryos (Figs. 3 and 4).
In eggs containing 10 AM hCAS2, anti-hC immunofluo-
rescence is reduced to 15% of controls (Figs. 3 and 4).
The sea urchin egg has an elaborate actin cytoskeleton in
the egg cortex that reorganizes after fertilization (Spudich,
1992; Bonder and Fishkind, 1995). In control eggs injected
with 30% glycerol and prepared with Alexa-phalloidin,
there is a 5-Am deep array of fine filaments (Fig. 3). In
eggs injected with hCAS2 and prepared with Alexa-phal-
loidin, there appears to be less filamentous actin, most of
which is associated with the membrane and only a few
widely dispersed rootlet structures (Wong et al., 1997).
Using fluorescence intensity measurements of eggs prepared
with Alexa-phalloidin, eggs containing 5 AM hCAS2 have
58% and eggs containing 10 AM hCAS2 had 33% of the
fluorescence of control preparations (Fig. 4). The egg cortex
also contains spectrin, which in control eggs localizes to a
radially striated band at the periphery of the cell and a more
diffuse region internally (Fishkind et al., 1990). In embryos
injected with hCAS2 and prepared for immunofluorescence
Fig. 5. Contractile rings form in fertilized eggs injected with hC antisense
morpholinos. (a) F-actin accumulates in the cleavage furrows of a control
egg (glycerol injected, 0.3% cytoplasmic concentration) (arrow). (b) Actin
also accumulates in the cleavage furrow of a hCAS2 (5 AM cytoplasmic
concentration)-injected embryo (arrows), even when cortical actin is not
present. Scale bars = 20 Am.
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cantly different from that of controls (Fig. 4). Thus, the
hCAS2 injection reduces the amount of the hC subunit,
which appears to have a secondary effect of reducing the
amount and distribution of F-actin in the egg cortex, without
affecting spectrin. In eggs containing 10 AM hCAS2,
immunoreactivity to anti-aB is predominantly in patches
in the outer cortex of the egg (Fig. 3i). The immunoreac-
tivity remains patchy throughout development and never
clearly localizes to the membrane.
When eggs divide, a ring of actin forms in the cleavage
furrow (Schroeder, 1972). With morpholino-injected em-
bryos, an F-actin-containing ring forms (Figs. 5a and b).
Fluorescence intensity measurements of phalloidin stained
eggs indicate that there is no significant difference in the
intensity of phalloidin staining in the contractile ring of
hCAS2-injected embryos compared to that of controls
even when cortical actin staining is much reduced (Figs.
5a and b) (control 60.54 F 2.78, hCAS2 57.07 F 2.36, N =
5, P = 0.34).
As a control for nonspecific effects of the morpholino,
eggs were coinjected with hCAS2 and mRNA encoding afull-length hC cDNA but lacking the morpholino target
sequence. The eggs coinjected with full-length hC cleave
normally and develop into normal looking larvae (Fig. 6a).
Using a full-length hC cDNA tagged with a myc epitope,
injected eggs and embryos are immunoreactive with anti-
myc antibodies. As well, eggs coinjected with hCAS2 and a
full-length cDNA encoding the chicken h1 subunit cleaved
normally and developed into normal larvae (Fig. 6b). Eggs
coinjected with full-length hC RNA have what appears to
be a normal distribution of cortical actin (Fig. 6e) and are
identical to controls throughout development. To determine
if the cytoplasmic domain of hC is necessary for rescue of a
normal embryo, we coinjected hCAS2 and RNA encoding a
hC subunit truncated after the transmembrane domain.
These embryos did not have cortical actin (Fig. 6d) and
failed to develop normally. Embryos either formed loose
aggregates of cells or misshaped blastulae (17/18, 94%).
Injected embryos probed with antimyc 4 h after injection
had immunoreactivity on the surface of the embryo and
diffusely throughout the cortex (Fig. 6e).Discussion
The immunolocalization data indicate that the aB and
hC subunits are reexpressed immediately after fertilization.
As there is no integrin protein detectable in the egg after
fertilization and the egg contains maternally derived mRNA
(Marsden, 1995), we conclude that the integrin subunits are
most likely derived from translation of stored mRNA. As
these are the only integrin subunits known to be expressed
and they coimmunoprecipitate in unfertilized eggs (Murray
et al., 2000), we conclude that aB and hC form a receptor. It
is apparent that aB and hC are expressed together only on
the surface of blastomeres that are in contact with the
hyaline layer, a complex extracellular matrix. We further
propose that the aBhC receptor binds components of the
extracellular hyaline layer and attaches the fertilized egg to
this ECM.
In unfertilized sea urchin eggs, the cortex contains tight
aggregates of filamentous actin radiating from microvilli
into the egg and longer filaments laterally associated with
the membrane (Henson and Begg, 1988). In addition, there
is a large pool of unpolymerized actin (Mabuchi and
Spudich, 1980; Spudich et al., 1988). Within the first 1 to
2 min after fertilization, there is a phase of actin polymer-
ization in the cortex during elongation of the microvilli.
Over the next 20 to 30 min, a slower phase of orientation
and bundling of actin follows (Wong et al., 1997). Our data
show that the aBhC integrins are reexpressed within 30 min
of fertilization, coincidental with the phase in which actin is
bundled and reorganized into rootlet structures. Antisense
interference with reexpression of the hC subunit impedes
the formation of a typical pattern of cortical actin suggesting
an essential role for integrins in this phase of cortex
development. The experiments in which coinjection of hC
Fig. 6. Coinjection of RNA-encoding full-length hC (a) or chicken h1 (b) rescues the morpholino phenotype and normal plutei develop. Scale bars = 25 Am. (c)
hCAS2-injected embryos (5 AM cytoplasmic concentration) prepared with Alexa 568 phalloidin. (d) Cortex of embryo coinjected with hCAS2 and RNA-
encoding hC lacking the cytoplasmic domain. (e) Cortex of embryo coinjected with hCAS2 and RNA-encoding full-length hC subunit. Cortical actin is only
rescued when the full-length subunit is expressed. Inset shows anti-myc immunoreactivity indicating that the RNA-encoding hC lacking the cytoplasmic
domain with an in frame myc tag is expressed and transported to the cell surface.
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indicate that hCAS injection specifically interferes with
expression of the hC subunit. Thus, the reduction in cortical
F-actin most likely results secondarily due to the reduction
in integrins. The alteration in the pattern of expression of the
aB subunit suggests that without a h subunit, the expression
of the a subunit is also impaired. It is likely that integrins
form part of a complex that interacts with the repolymerized
actin in the cortex and stabilizes it. Without integrins, the
complex fails to form and the typical actin arrays are not
stabilized. As the truncated integrin subunit fails to rescue,
the cytoplasmic domain appears to be critical to the reor-
ganization of the actin cortex. This finding suggests that the
cytoplasmic domain may be a component of the complex,
much the same as has been demonstrated in focal adhesions.
Thus, we hypothesize that the cortex of the sea urchin egg is
anchored to a focal adhesion-like complex at the cell
surface.Fig. 7. Alignment of the cytoplasmic domains of chicken h1 and sea urchin hC, hG
for binding of cytoplasmic proteins are exactly conserved in hC and h1 (underline
hC subunit suggests that hC may be orthologous to the vertebrate h1 subunit.During cleavage, actin filaments accumulate in the
cleavage furrow, forming a ring that is thought to contract
to divide the egg (Mabuchi, 1986; Schroeder, 1975). The
relationship of contractile ring actin to cortical actin is not
clear (Mabuchi, 1994). As cleavage furrows and contractile
rings form in eggs with depleted hC integrins and impaired
cortices, it is apparent that contractile ring filaments do not
result from a direct rearrangement of cortical actin. This
supports a model in which contractile ring actin attaches to
membrane components other than hC containing integrins
(Mabuchi, 1994). Mabuchi (1994) reported that lectin-bind-
ing sites on the surface of the egg accumulate in the
cleavage furrow coincident with contractile ring formation.
He suggested that they may link contractile ring actin to the
membrane. Contractile rings are known to differ from
cortical actin in containing myosin II and Rho GTPase
(Mabuchi et al., 1993; Nishimura et al., 1998). The inde-
pendence of contractile rings from hC containing integrins, and hL. The overall conservation is low, yet the sites known to be critical
d). The ability of the h1 subunit to serve as a functional complement for the
R.D. Burke et al. / Developmental Biology 265 (2004) 53–60 59is consistent with the ring being a structure that is distinct
from the egg cortex.
The functional complementation of hC by the avian
h1 subunit suggests that the formation of dimers with a
subunits, processing, and activation are similar. Although
the amino acid sequences in the cytoplasmic domains of
the h1 and hC share only 58% identity, the three CYTO
sites that have been identified as critical for focal adhe-
sion formation are conserved (Marcantonio et al., 1990;
Reszka et al., 1992; Solowska et al., 1989) (Fig. 7). It is
also apparent that of the three known sea urchin h
subunits, these sites are highly conserved only in hC
(Fig. 7). The relationships between invertebrate h subunits
and vertebrate h subunits are unclear (Burke, 1999;
Hughes, 1992, 2001; Hynes and Zhao, 2000). Phyloge-
netic analysis of sequence data has failed to resolve the
invertebrate orthologues of the vertebrate h subunits.
However, the functional complementation and similarity
between the cytoplasmic domains of hC and h1 suggest
that these two subunits may be orthologous. It is note-
worthy that hC, like h1, is expressed early in develop-
ment by all cells before other h subunits are expressed
and is widely expressed in adult tissues (Murray and
Burke, unpublished).
Our experiments indicate that in sea urchins, integrins
function in organization of the actin cytoskeleton in the egg
cortex. We speculate that aBhC integrins form a complex at
the cell surface where they bind ligands in the hyaline layer
and anchor the actin cytoskeleton. Our experiments support
this model in fertilized eggs, but as aBhC receptors are
present before fertilization where they appear to bind the
vitelline layer, a similar role can be postulated for unfertil-
ized eggs. We propose that this may be a general function
for egg integrins. An actin-rich cortex has been demonstrat-
ed in eggs of diverse species (Sardet et al., 2002). In mouse
eggs, several aspects of early development appear to be
dependent on the proper organization of the actin cortex
(Campbell et al., 2002; Terada et al., 2000). It is possible
that an important function of integrins on mammalian eggs
is to link the actin cortex to the plasmalemma. Such a role
may explain why integrins are one of a few egg surface
molecules that are shared between major taxa (Vacquier,
1998). This hypothesis may also explain the abundance and
diversity of integrin subunits expressed on mammalian eggs
(Evans, 2001). In the absence of a well-defined role for
integrins in fertilization, a conventional function of linking
extracellular components to the actin cytoskeleton may
merit further examination.Acknowledgments
A discovery grant from NSERC to RDB supports this
research. We are grateful to Doug Fishkind for antiSpec-
trin antibodies and Richard Hynes for chicken h1 cDNA
clone.References
Bachman, E.S., McClay, D.R., 1995. Characterization of moesin in the sea
urchin Lytechinus variegatus: redistribution to the plasma membrane
following fertilization is inhibited by cytochalasin B. J. Cell. Sci. 108,
161–171.
Bonder, E.M., Fishkind, D.J., 1995. Actin-membrane cytoskeletal dynam-
ics in early sea urchin development. Curr. Top. Dev. Biol. 31, 101–137.
Burgess, D.R., Schroeder, T.E., 1977. Polarized bundles of actin fila-
ments within microvilli of fertilized sea urchin eggs. J. Cell Biol. 74,
1032–1037.
Burke, R.D., 1999. Invertebrate integrins: structure, function, and evolu-
tion. Int. Rev. Cytol. 191, 257–284.
Campbell, H.D., Fountain, S., McLennan, I.S., Berven, L.A., Crouch, M.F.,
Davy, D.A., Hooper, J.A., Waterford, K., Chen, K.S., Lupski, J.R.,
Ledermann, B., Young, I.G., Matthaei, K.I., 2002. Fliih, a gelsolin-
related cytoskeletal regulator essential for early mammalian embryonic
development. Mol. Cell Biol. 22, 3518–3526.
Evans, J.P., 2001. Fertilin beta and other ADAMs as integrin ligands: in-
sights into cell adhesion and fertilization. BioEssays 23, 628–639.
Fishkind, D.J., Bonder, E.M., Begg, D.A., 1987. Isolation and character-
ization of sea urchin egg spectrin: calcium modulation of the spectrin-
actin interaction. Cell Motil. Cytoskeleton 7, 304–314.
Fishkind, D.J., Bonder, E.M., Begg, D.A., 1990. Subcellular localization of
sea urchin egg spectrin: evidence for assembly of the membrane-skel-
eton on unique classes of vesicles in eggs and embryos. Dev. Biol. 142,
439–452.
Gan, L., Wessel, G.M., Klein, W.H., 1990a. Regulatory elements from the
related spec genes of Strongylocentrotus purpuratus yield different spa-
tial patterns with a lacZ reporter gene. Dev. Biol. 142, 346–359.
Gan, L., Zhang, W., Klein, W.H., 1990b. Repetitive DNA sequences linked
to the sea urchin spec genes contain transcriptional enhancer-like ele-
ments. Dev. Biol. 139, 186–196.
Henson, J.H., Begg, D.A., 1988. Filamentous actin organization in the
unfertilized sea urchin egg cortex. Dev. Biol. 127, 338–348.
Hughes, A.L., 1992. Coevolution of the vertebrate integrin alpha- and beta-
chain genes. Mol. Biol. Evol. 9, 216–234.
Hughes, A.L., 2001. Evolution of the integrin alpha and beta protein fam-
ilies. J. Mol. Evol. 52, 63–72.
Hynes, R.O., Zhao, Q., 2000. The evolution of cell adhesion. J. Cell Biol.
150, F89–F96.
Ishidate, S., Mabuchi, I., 1988. Localization and possible function of 20-
kda actin-modulating protein (actolinkin) in the sea-urchin egg. Eur. J.
Cell Biol. 46, 275–281.
Kishi, K., Sasaki, T., Kuroda, S., Itoh, T., Takai, Y., 1993. Regulation of
cytoplasmic division of Xenopus embryo by rho p21 and its inhib-
itory GDP/GTP exchange protein (rho GDI). J. Cell Biol. 120,
1187–1195.
Mabuchi, I., 1986. Biochemical aspects of cytokinesis. Int. Rev. Cytol. 101,
175–213.
Mabuchi, I., 1994. Cleavage furrow: timing of emergence of contractile
ring actin filaments and establishment of the contractile ring by filament
bundling in sea urchin eggs. J. Cell. Sci. 107 (Pt. 7), 1853–1862.
Mabuchi, I., 2001. Introduction to the special issue on advances in cyto-
kinesis research. Cell Struct. Funct. 26, 525–527.
Mabuchi, I., Spudich, J.A., 1980. Purification and properties of soluble
actin from sea-urchin eggs. J. Biochem. 87, 785–802.
Mabuchi, I., Hamaguchi, Y., Fujimoto, H., Morii, N., Mishima, M., Naru-
miya, S., 1993. A rho-like protein is involved in the organisation of the
contractile ring in dividing sand dollar eggs. Zygote 1, 325–331.
Marcantonio, E.E., Guan, J.L., Trevithick, J.E., Hynes, R.O., 1990. Map-
ping of the functional determinants of the integrin beta 1 cytoplasmic
domain by site-directed mutagenesis. Cell Regul. 1, 597–604.
Marsden, M., 1995. Cloning and Characterization of Beta Integrin Subunits
in Sea Urchin Embryos. 192. PhD dissertation, University of Victoria.
Marsden, M., Burke, R.D., 1997. Cloning and characterization of novel
beta integrin subunits from a sea urchin. Dev. Biol. 181, 234–245.
R.D. Burke et al. / Developmental Biology 265 (2004) 53–6060Murray, G., Reed, C., Marsden, M., Rise, M., Wang, D., Burke, R.D.,
2000. The aBhC integrin is expressed on the surface of the sea urchin
egg and removed at fertilization. Dev. Biol. 227, 633–647.
Nishimura, Y., Nakano, K., Mabuchi, I., 1998. Localization of Rho GTPase
in sea urchin eggs. FEBS Lett. 441, 121–126.
Reszka, A.A., Hayashi, Y., Horwitz, A.F., 1992. Identification of amino
acid sequences in the integrin beta 1 cytoplasmic domain implicated in
cytoskeletal association. J. Cell Biol. 117, 1321–1330.
Sardet, C., Prodon, F., Dumollard, R., Chang, P., Chenevert, J., 2002.
Structure and function of the egg cortex from oogenesis through fertil-
ization. Dev. Biol. 241, 1–23.
Schroeder, T.E., 1972. The contractile ring. II. Determining its brief exis-
tence, volumetric changes, and vital role in cleaving Arbacia eggs. J. Cell
Biol. 53, 419–434.
Schroeder, T.E., 1975. Dynamics of the contractile ring. Soc. Gen. Physiol.
Ser. 30, 305–334.
Solowska, J., Guan, J.L., Marcantonio, E.E., Trevithick, J.E., Buck,
C.A., Hynes, R.O., 1989. Expression of normal and mutant avian
integrin subunits in rodent cells [published erratum appears in J. Cell
Biol. 1989 Oct;109(4 Pt 1):1187]. J. Cell Biol. 109, 853–861.
Spudich, A., 1992. Actin organization in the sea urchin egg cortex. Curr.
Top. Dev. Biol. 26, 9–21.Spudich, A., Wrenn, J.T., Wessells, N.K., 1988. Unfertilized sea ur-
chin eggs contain a discrete cortical shell of actin that is subdi-
vided into two organizational states. Cell Motil. Cytoskeleton 9,
85–96.
Strathmann, M.F., 1987. Reproduction and Development of Marine Inver-
tebrates of the Northern Pacific Coast. University of Washington Press,
Seattle, WA.
Tamkun, J.W., DeSimone, D.W., Fonda, D., Patel, R.S., Buck, C., Horwitz,
A.F., Hynes, R.O., 1986. Structure of integrin, a glycoprotein involved
in the transmembrane linkage between fibronectin and actin. Cell 46,
271–282.
Terada, Y., Simerly, C., Schatten, G., 2000. Microfilament stabilization by
jasplakinolide arrests oocyte maturation, cortical granule exocytosis,
sperm incorporation cone resorption, and cell-cycle progression, but
not DNA replication, during fertilization in mice. Mol. Reprod. Dev.
56, 89–98.
Vacquier, V.D., 1998. Evolution of gamete recognition proteins. Science
281, 1995–1998.
Wong, G.K., Allen, P.G., Begg, D.A., 1997. Dynamics of filamentous actin
organization in the sea urchin egg cortex during early cleavage divi-
sions: implications for the mechanism of cytokinesis. Cell Motil. Cy-
toskeleton 36, 30–42.
